We combine highly sensitive intracavity absorption spectroscopy in a multimode laser with external photoacoustic detection, providing high detectivity. Photoacoustic measurements of the intracavity iodine concentration in a Rhodamine 6G laser are compared with simultaneous spectral recordings. They demonstrate slightly improved overall sensitivity and a greatly enhanced dynamic range of 5 orders of magnitude that may be shifted along the absolute scale of absorber density.
Introduction
Detectors for trace gases are important tools for controlling chemical processes or monitoring industrial exhausts and other kinds of air pollution. 1 High sensitivity, selectivity, and temporal resolution can be achieved by use of various spectroscopic techniques. 2 Sensitivity is characterized by the lowest measurable absorption coefficient, min ϭ ⌬J͑͞ JL eff ͒, which is proportional to the smallest detectable relative absorption signal ⌬J͞J determined by the signal-to-noise ͑S͞N͒ ratio of the detection, and it is inverse to the path length of absorption L eff that defines the intrinsic or systemic sensitivity. We have detected very small amounts of I 2 by laser intracavity absorption ͑ICA͒ spectroscopy ͑ICAS͒ in order to provide for the highest effective path length of absorption L eff and combined it with photoacoustic ͑PA͒ detection to reduce the detectable signal ⌬J͞J.
ICAS is one of the most sensitive spectroscopic techniques for the detection of optical absorption. [3] [4] [5] Its main feature is that the narrow-line absorber is placed in the cavity of a laser with a large homogeneously broadened gain. Increasing laser gain compensates for the broadband loss in the cavity, such as mirror transmission, but is not affected by narrowline ICA. The laser light passes through the absorber many times and is depleted at the spectral positions of the absorption, as in a multipass cell. A very large effective path length of absorption can be achieved in this way, which is limited by the laserpulse duration, quantum noise, 5 or nonlinear mode coupling. 6 The highest effective absorption length, 70,000 km, has been achieved so far with a cw dye laser. 7 With this effective absorption length, absorption corresponding to a coefficient as low as 10
Ϫ10

cm
Ϫ1 would leave the laser emission at line center of the narrow-band absorption, reduced by 50%, i.e., ⌬J͞J ϭ 1͞2.
In general, laser emission in ICAS measurements is spectrally analyzed by a spectrograph of high resolution with a multichannel detector, such as a diode array, or by a high-resolution interferometer ͑e.g., Fourier transform interferometer͒. These methods are too complex and expensive in applications in which only one or a few trace gases are to be monitored. Here, a PA cell may detect a signal of resonance reduced by the spectral depletion of the light in the laser. 8 Lock-in detection may further reduce noise and ⌬J͞J. A PA cell can be operated in the visible as well as in the infrared range; it is simple and inexpensive.
In conventional PA spectroscopy of gases, laser light, modulated by a chopper, passes through a PA cell filled with the gaseous sample. All or a portion of the incident radiation is absorbed, heats the gas, and causes the pressure to rise. The chopped light modulates the gas pressure at the chopper frequency and generates an acoustic wave that is detected by a microphone and converted into an electrical ac signal. 2,8 -10 The strength of the signal is directly proportional to the fraction of the laser power absorbed by the filling gas in the PA cell.
We report here on the measurement of the concentration of I 2 vapor by ICA in a Rhodamine 6G ͑Rh6G͒ dye laser, detected by an external resonant PA cell for resonance detection of ICA. Line absorption inside the laser decreases the laser power at only specific wavelengths, makes the fraction of the laser power absorbed by the filling gas in the PA cell decrease, and reduces the PA signal. The high selectivity derives from the requirement that ICA must spectrally agree with the absorption in the PA cell. Another gaseous species in the sample gives rise to a small nonspecific signal only to the extent that its lines overlap with the lines of the filling gas in the PA cell. For comparison, the laser emission is analyzed in the polychromator made by a diode array. The results demonstrate the high potential in sensitivity and dynamic range for measurements of concentration.
Experiment
The experimental setup and the switching cycle for data acquisition are shown in Figs. 1͑a͒ and 1͑b͒ , respectively. A multimode cw dye laser is pumped by an Ar-ion laser. Suppression of pump-power fluctuations is achieved by feedback of their ac signal to an electro-optical modulator whose mean transmission is controlled by the dc component of the light.
The modulator is also used to switch the total pump power every 520 s down to 20% of its maximum value for 20 s. This way the pulse duration of the dye laser, and therefore the effective path length of absorption, is maintained at L eff ϭ ct ϭ 150 km. 5 The dye laser consists of a 2.4-m-long folded threemirror resonator with an ICA cell, a Brewster prism, and a jet of Rh6G dye dissolved in ethylene glycol, placed in the waist of the short arm. Mirrors M1 and M2 have 15-and 30-cm radii of curvature, respectively, and highly reflecting dielectric coatings. Output coupler M3 has 2.3% transmission. All mirrors are prepared on thick substrates whose back surfaces are tilted by 10°in order to avoid etalon structures in the laser spectrum. The prism is used for tuning the band of laser emission to the appropriate wavelength region. The ICA cell of 30-cm length has two 1-cm-thick windows that subtend Brewster's angle with the axis. The cell is evacuated and filled with a probe gas by a high-vacuum system. The dye laser is typically operated between 10% and 200% above threshold, with its output power being a few milliwatts.
The laser output is split in two parts by a coated glass plate. One part is spectrally analyzed by a grating polychromator equipped with a 1024-channel diode array ͑Dalsa ILC6-1024͒. The spectral resolution is ϳ1.2 GHz. The output signal is recorded by a digital oscilloscope ͑Model TRB4000, Krenz, 1-megasample channels, 10-bit resolution͒ and stored for data processing. Each spectrum is averaged over 2048 exposures of the diode array. Each exposure extends over 2 ms.
The other part of the dye laser output passes through a chopper ͑Model EG&G 651E͒ and the resonant PA cell. The acoustic resonator of this cell consists of a stainless-steel tube ͑inner diameter 10 mm, length 80 mm͒ with buffer volumes ͑diameter 40 mm, length 40 mm͒ attached to both ends. 11 This geometry causes the 2-kHz resonance frequency of the first longitudinal mode. Beyond the buffer volumes, Brewster windows are mounted on short stainless-steel tubes ͑diameter 10 mm, length 20 mm͒. The microphone ͑Knowles EK3024͒ is attached halfway along the central tube. The microphone output is amplified and processed by a lock-in amplifier ͑Scientific Research SR850͒. The signal is normalized by the laser power monitored with a photodiode. The internal oscillator of the lock-in amplifier controls the chopping frequency, which is set to the acoustic resonance frequency of the cell. The cell is filled with purified crystalline I 2 ͑99.998%͒ and air to 0.1-bar total gas pressure. This pressure permits low collisional line broadening for good selectivity and the establishment of a pressure wave. The I 2 concentration in the PA cell corresponds to its saturated pressure at room temperature, 3.5 ϫ 10 Ϫ4 bar at 293 K. 12 The ICA cell is also furnished with I 2 but at a small concentration: Gas mixtures with extremely low absorber concentration are required because of the high sensitivity of ICAS measurements. The preparation of a definite absorber concentration with sufficient accuracy is technically difficult at such low concentrations. We have set and varied the I 2 concentration as follows: Saturated I 2 vapor and air are mixed in a ballast volume. The total gas pressure is measured with a ceramic capacitive pressure gauge ͑CCM Instruments, 0.5% accuracy͒. Expanding this mixture into the evacuated ICA cell provides us with a gas mixture of reduced total pressure monitored directly at the cell and at relative concentration as in the ballast volume. Now, both the emission spectrum of the dye laser and the PA signal are recorded. We establish the next value of the I 2 concentration by slowly filling the intracavity cell with air to a somewhat higher total pressure and then pumping the mixture off until the preselected pressure is set, typically 0.1 bar. The emission spectrum and the PA signal are measured again, and so on. This procedure is repeated until no change of the PA signal is observed. Figure 2 shows emission spectra of the dye laser with different intracavity I 2 concentrations. The laser is operated 200% above threshold; the pump power is switched below threshold every 520 s for 20 s. It has been verified experimentally that this switching does not generate a PA signal of its own. The effective path length of absorption at the end of the laser pulse amounts to L eff ϭ 150 km, with the absorber extending along the entire resonator, as with the atmospheric water vapor. The ICA cell, however, spans one eighth of the cavity length ͑i.e., the filling factor is 1͞8͒, and the effective length for ICA of I 2 becomes 19 km. The contrast of the absorption lines grows with the time of light interaction. As the emission spectrum is integrated with the diode array over the full pulse duration, the measured contrast, in the center of the emission spectrum, is reduced by approximately 40%, compared with the contrast at the end of the laser pulse. 13 In the upper spectrum of Fig. 2 , absorption by either water or I 2 vapor is recognized and also the spectral envelope that derives, by spectral condensation, from the gain profile of the dye. Both water 13, 14 and I 2 15 absorption lines have been identified; ten absorption lines of water, each of different strengths, have been marked by arrows from above and ten iodine lines from below. The strengths of the marked water absorption lines range from ϭ 6.4 ϫ 10 Ϫ8 cm Ϫ1 to ϭ 4.2 ϫ 10 Ϫ3 cm
Results
Ϫ1
. The noise level at the center of laser emission is 2% and corresponds to ϭ 2 ϫ 10 Ϫ9 cm
. Collisional broadening dominates the linewidth of water absorption at 1 bar; it amounts to some 10 GHz ͑FWHM͒. I 2 absorption results mainly from the band Ј ϭ 10 4 Љ ϭ 0 of the electronic transition B 15 The observed spectral width of I 2 lines, 2 GHz, results from collisional broadening at 0.1 bar, Doppler broadening at room temperature, and the overlap of hyperfine components. Figure 2͑b͒ shows an emission spectrum with a 30-times-higher intracavity I 2 concentration. The absorption lines of I 2 have become stronger, and many smaller lines appear. The strength of water absorption remains approximately the same as in Fig. 2͑a͒ , since it is determined by the ICA outside the absorption cell. Spectra from Figs. 2͑a͒ and 2͑b͒ could be used to calculate the I 2 concentration from the strength of the absorption lines. This is no longer possible if the I 2 concentration is raised by another factor of 10, as shown in Fig. 2͑c͒ . The absorption saturates, and the lines mix with those of water absorption. For the given experimental parameters, the dynamic range for concentration measurements of I 2 extends from 3 ϫ 10 Ϫ10 to 3 ϫ 10
Ϫ8
bar. This range is a hundred times smaller than that of water since the I 2 lines are more densely spaced and much narrower and their detection is less favorable with the given spectral resolution and dynamic range of the diode array. Figure 3 shows the PA signal as a function of I 2 concentration given as the partial vapor pressure in the probe cell inside the laser from 10 Ϫ10 to 10 Ϫ3 bar. The signal is normalized to the total output power of the dye laser. Data points marked by arrows correspond to the spectra shown in Fig. 2 . With any given path length of absorption, the spectral light flux, at the absorption lines in the laser emission spectra, decreases with absorber concentration and reduces the PA signal. At 1-s integration time, the S͞N ratio is approximately S͞N Ϸ 100 with the largest and S͞N Ϸ 10 with the smallest signals. When one in- terpolates between individual data points, the I 2 concentration may be determined, from the PA signal, over 5 orders of magnitude. Note that the PA signal at 7.5 ϫ 10 Ϫ10 bar corresponds to the spectrum of Fig.  2͑a͒ , in which still I 2 lines of various strength are recognized. In contrast, the data point to the far left corresponds to a spectrum in which only the strongest lines in the center of emission would remain visible. This observation indicates that the overall sensitivity of I 2 detection has been somewhat improved by the PA detection, although merely by a small factor of 2 to 3. Since the PA signal is not saturated even at the smallest I 2 density of the data set in Fig. 3 , further improvement of the detectivity seems achievable. In principle, PA detection allows wide extension of detectivity. However, a substantial fraction of this potential is eliminated, in the present measurements, by minute frequency fluctuations of the laser emission, giving rise to spectral power fluctuations of the absorbed light.
On the other hand, let us compare the sensitivity of the combined technique of ICAS supplemented by PA detection with that of standard PA measurements: The present laser, when absorberless, deposits maximum power in the absorption bands of the I 2 in the PA cell and generates the maximum signal, some 11 or 12 units of Fig. 3 , since S͞N Ϸ 100.
At high intracavity I 2 concentrations the saturation of the data in Fig. 3 shows that the PA signal is not completely quenched. Obviously, the dye laser still emits light in certain spectral ranges that is partially absorbed by I 2 vapor in the PA cell. Four sources contribute to this effect: ͑1͒ The dye laser does not operate as a cw laser. Its spectral dynamics-the spectral condensation and redistribution of the light into its modes-is started again every 520 s. At the leading edge of each pulse the emission spectrum is almost unaffected by the absorption and contains spectral components that are absorbed in the PA cell.
͑2͒ I 2 absorption lines are densely distributed ͑see Fig. 2͒ . The dye laser emission is redistributed to spectral regions with the lowest probability of absorption. However, the probability of absorption does not drop to zero, since the wings of adjacent absorption lines partially overlap. Therefore the emitted light contains spectral components that are weakly absorbed in the PA cell.
͑3͒ There is broad underlying continuum absorption to a dissociative state of I 2 ͑ A 4 X͒. 16 This broadband absorption does not affect the emission spectrum of the multimode dye laser, since this spectrum is sensitive only to spectral variations of the loss narrower than the emission bandwidth.
͑4͒ The linewidths in the ICA and the PA cells may be incompletely matched. A mismatch strongly bears on the asymptotic behavior of the PA signal at high I 2 concentration. This effect is demonstrated in a measurement in which the pressure in the PA cell is set to 1 bar ͑Fig. 4͒. Pressure broadening of I 2 absorption lines in the PA cell is 10 times the value in the intracavity cell. At the highest intracavity concentration of I 2 in the ICA cell, the signal is still 80% of its maximum value. Although these data likewise measure the I 2 concentration, this is done with a smaller dynamic range of the PA signal and with the concomitant reduced precision and spectral resolution. Consequently, low-pressure levels are preferable, although the generation of sound and the activation of the microphone may be impeded, and resonance frequency and width of the cell may depend more critically on the pressure. 17 The total pressure of 0.1 bar in the PA and the intracavity cells turned out to be a good compromise.
At low intracavity I 2 concentration the PA signal is expected to approach the value of null concentration asymptotically. The PA signal in Fig. 4 shows such asymptotic behavior for concentrations below 10 Ϫ10 -bar partial pressure with approximately Ϯ1% fluctuations. These fluctuations may well indicate instabilities of the spectral position of laser emission, and the resulting variations of the spectral overlap with the I 2 absorption. These fluctuations limit the accuracy of the concentration derived from the PA signal. A 1% variation in the PA signal corresponds to a change of I 2 concentration by 10% in the range from 10 Ϫ10 to 10 Ϫ6 bar with the data presented in Fig.  3 . It should be stressed that in both Figs. 3 and 4 the dynamic range of detected I 2 concentration covers 4 -5 orders of magnitude with a single set of experimental parameters compared with 2 orders of magnitude with detection by the polychromator device, as in Fig. 2 . The dynamic range can be shifted by variation of the effective absorption path length: Corresponding data would display a similar slope over a shifted scale of absorber pressure. Another value of L eff is achieved simply by a change in the laser-pulse duration or the filling factor, i.e., the fraction of the resonator that is covered by the intracavity cell. Pulse lengths from 10 s to 100 ms and a filling factor up to unity may be realistic values. Therefore path lengths of absorption from L eff ϭ 0.03 km through 30,000 km are feasible and set an overall dynamic range of 10 orders of magnitude. With an effective absorption length of 30,000 km, an I 2 concentration of less than 0.1 parts in 10 12 is detectable.
Summary
We have investigated the use of PA cells for resonant detection of intracavity I 2 absorption in a Rh6G dye laser. For this purpose the PA signal and the emission spectrum of the laser have been recorded simultaneously. Although the results obtained in this experiment are exploratory, they are representative of other narrow-band absorbers placed in the cavity of many other lasers that emit broadband spectra. The combination of intracavity and PA spectroscopy improves the overall sensitivity of absorption measurements over the sensitivity of conventional measurements of absorption by both enhancing the effective length of absorption L eff and the detectivity J͞⌬J. In the present experiment the effective gain of detectivity by PA detection is found to be rather small, and the full potential of PA detection seems not yet exhausted. The present experiment demonstrates, however, further important advantages of this spectroscopic technique: Extrapolation of the results shows that with the use of a rather simple experimental setup, the overall dynamic range for the detection of I 2 concentration covers almost 10 orders of magnitude, i.e., from 10 Ϫ13 to 10 Ϫ3 relative concentration. For a given effective length of absorption, the dynamic range turns out at least 100 times larger than that obtained when a highresolution spectrograph and a diode array are used. Moreover the PA cell is easier to operate, less expensive, and applicable in the infrared spectral range, even with other types of laser for which the spectral recording of laser emission is considerably more complicated.
